Transposable elements are often considered as selfish DNA sequences able to invade the genome of their host species. Their evolutive dynamics are complex, due to the interaction between their intrinsic amplification capacity, selection at the host level, transposition regulation, and genetic drift. Here, we propose modeling the first steps of TE invasion, i.e., just after a horizontal transfer, when a single copy is present in the genome of one individual. If the element has a constant transposition rate, it will disappear in most cases: the elements with low-transposition rate are frequently lost through genetic drift, while those with high-transposition rate may amplify, leading to the sterility of their host. Elements whose transposition rate is regulated are able to successfully invade the populations, thanks to an initial transposition burst followed by a strong limitation of their activity. Self-regulation or hybrid dysgenesis may thus represent some genome-invasion parasitic strategies.
I
T is commonly thought that transposable elements can colonize genomes and then be partially eliminated (TEs) are universal. Indeed, these autonomous moin a continuous turnover. Finally, phylogenetic analysis bile DNA sequences have been found in every organism of TE sequences shows inconsistencies between TEs and they were screened for, with very few notable exceptions host phylogenies, suggesting that horizontal transfers (Gardner et al. 2002) . However, the causes of their uni-(HTs) and invasions of new species appear to be recurversality are still largely misunderstood. Since their disrent events in TE evolution (Kidwell 1992; Silva et al. covery, transposable elements have been consecutively 2004) . thought to be controlling (McClintock 1984) , selfish
The repetitive successes of TE invasions despite their or parasitic (Dawkins 1976 ; Doolittle and Sapienza deleterious effects could be considered as an apparent 1980; Orgel and Crick 1980), semiparasitic (Hickey paradox. The transposition is opposed to several other 1982), both parasitic and useful (Capy et al. 2000) , or evolutive constraints: deletion (loss of copies), selection, maladaptive (Vinogradov 2003) . The processes of TE and regulation (decrease of the transposition rate when evolution therefore remain questionable, partly because the copy number increases). Complex interactions beof the complexity of the multilevel ecological niche (getween these forces are not intuitive, and population genetnome, individual, population, and species) of these inics models have been developed to predict the evolution tragenomic inhabitants. of these elements (see Charlesworth et al. 1994 for Nevertheless, some evidence of TEs parasitism cannot review). be questioned. TEs are known to decrease fitness, by insertMost known models show that the selfish DNA hying themselves into coding DNA sequences and causing pothesis is grounded on a solid basis; i.e., a DNA sechromosomal breaks, deletions, or translocations . They quence with self-duplication ability is able to invade a are implied in 50% of deleterious mutations in Drosophgenome even if it can be responsible for damage to ila (Finnegan 1992 ) and 10% in mice (Kazazian 1998) .
the host. This colonization is based on transposition and Several examples of genome invasion by a TE family genetic recombination during sexual reproduction, while have been reported; for instance, the whole Drosophila in asexual organisms the invasion has to be explained in melanogaster species has been invaded by P elements different ways (Edwards and Brookfield 2003) . Without in a very short period (Ͻ40 years) comparative to the any evolutive force limiting TE amplification, copy numevolution timescale (Anxolabéhère et al. 1988 ). Moreber will increase until the host genome is destroyed. over, complete genome sequencing has shown that geExperimental data generally suggest that selection is nomes generally contain many inactive TE copies the main factor in the limitation of TE copy number (Quesneville et al. 2003) , suggesting that TE families increase (Charlesworth et al. 1992; Hoogland and Biémont 1996) , even if the role of self-regulation cannot be ruled out in some situations (Coen et al. 1994) .
1 nisms by which TEs decrease the fitness of their host is rious effects, and transposition rates are supposed to vary following the genetic context and the copy number. still fragmentary, and TE evolution in situations where several of these selective forces interact is not well underTherefore, the influence of these two last parameters on TE invasion frequency remains unclear. stood. Moreover, the long-term evolution of the copy number in a genome after the initial increase is far from
The aim of this article is to focus on these first generations after the arrival of a new TE in a diploid outbreedbeing understood either experimentally or theoretically. Indeed, for several species and several TE families, ing species. The interaction between a selfish DNA sequence dynamics and random genetic drift indeed copy number does not seem to vary, and some authors base their expectations on the existence of a state of raises some important evolutive questions. For instance, we can assume that the higher the transposition rate is, equilibrium (e.g., Charlesworth and Charlesworth 1983). However, TE dynamics might be slow and unstathe lower the loss frequency is; but is it always the case? Do TEs invade a population only by chance? If so, most ble in natural populations, and most of the situations observed might not correspond to an equilibrium. In of the transfers should be unsuccessful, and they must be recurrent to explain effective invasions. We propose addition, any random demographic, genetic, or ecological event may disturb the state of equilibrium (Tsitrone investigating and discussing the conditions under which TE invasion is more likely, since they may represent an et al. 1999). Generally speaking, the effects of genetic drift on TE dynamics have not yet been fully developed.
optimized parasitic strategy for frequent horizontally transferred TEs. On one hand, some theoretical results suggest that, in small populations, TEs families with several copies per individual can be lost (Brookfield and Badge 1997), MODEL which is contrary to previous analytical expectations. On the other hand, estimations of TE frequency distriThese questions led us to study a finite size population model. The population size N is considered as constant, bution in large natural populations of Drosophila tend to confirm that genetic drift is a negligible phenomenon with as many males as females, reproducing by panmixia. The genome is made up of several diploid chromosomes in TE dynamics .
The initial evolution of TE copy number is not well that are able to carry a potentially infinite number of transposable elements. The results presented in this known and only a few studies have been carried out concerning the increase of the frequency of individuals article have been obtained with a genome of two chromosomes of 100 cM. The transposition rate is computed carrying at least one copy. Hickey (1982) proposed a simple modeling attempt, based on the existing singlefor each individual and can vary with TE copy number, parent's genotype, and random factors. Transposition locus segregation distortion model, to describe the evolution of TE frequency in an infinite population. Under and genetic drift are intrinsically random processes, easily grasped by a stochastic simulation method, implethese conditions, the element systematically will invade a population provided that its transposition activity (i.e., mented in a Monte Carlo simulation program, called DyET and available at http://www.pge.cnrs-gif.fr/pge/ its overrepresentation in the gametes from heterozygous individuals) counterbalances its loss by natural selecbioinfo/Dyet/. The random numbers were generated from the Gnu Scientific Library (http://www.gnu.org/ tion. With a more complex regulation system, like the P-M hybrid dysgenesis, the frequency increase might be software/gsl/). Reproduction: For each of the N offspring, two pargradual, and the colonization of the whole population is not systematic if there is no genetic drift (Uyenoyama ents are randomly sampled, one male and one female. The probability for an individual to be selected as a 1985). Whatever the population size, genetic drift must influence TE dynamics at least during the first stage of parent is proportional to its fitness. Each parent produces a gamete by recombination. The number of crossthe invasion, when only a few individuals have TE copies. Indeed, after a horizontal transfer, for instance, an eleings over is chosen following a Poisson process, and their locations are uniformly distributed in the genome. ment is present with only one copy in one individual. Despite a high transposition ability, the probability of For each chromosome, TEs are copied from a randomly determined parental chromosome to the gamete, and its being lost through genetic drift remains considerable, even in a large population, since the initial frethe "matrix" chromosome is swapped when a crossing over occurs. The two haploid genomes of the two gaquency of the element 1/2N decreases with the population size N. Kaplan et al. (1985) proposed that, in an metes are then combined to constitute a new individual. Fitness computation is based on an additive effect of infinite population, when the elements have no impact on selection, the loss probability p of a single TE copy TE copies. Kaplan et al. (1985) for an infinite population. Solid circles, simulation results under the same conditions, with a population size N ϭ 50; open circles, simulation results when TEs are deleterious (s ϭ Ϫ0.01). When the transposition rate tends to 0, the expected loss frequencies are respectively 1 Ϫ 2u for an infinite population, 1 Ϫ 1/2N ϭ 0.99 for the neutral case, and 1 Ϫ (1 Ϫ exp(Ϫ2s))/(1 Ϫ exp(Ϫ4Ns)) ϭ 0.9968 for the selection case.
basic (u 0 ) and burst (u b ) transposition rates]. Deletion the end of the simulation, which can be stopped for three reasons: (i) the copy number is nil in all individu-(loss of copies) is considered as a marginal phenomeals (loss of the element); (ii) the mean fitness is nil (in non in the first generations and thus has been nemales, in females, or in both sexes), which leads to glected. Transposition is supposed to occur early in the population extinction; and (iii) after 1000 generations. development (before the germline differentiation), so
For each generation, the mean TE copy number and that all cells are genetically identical. In one generation, the mean transposition rate can be computed. As a the number of transposition events of a precise TE copy single repetition represents an example of TE dynamics, is drawn from a Poisson distribution (i.e., a high-transposeveral hundred repetitions (1000 in most cases) were sition rate element can transpose several times). When run to obtain general trends. More repetitions should an individual is determined to be in burst conditions, its have led to more esthetic graphical results, but even if TEs transpose with a rate u b ; otherwise, the transposition the computation time for one generation is usually Ͻ1 rate is u 0 . Five transposition models were followed: no sec (on an Intel Xeon 2400 MHz processor), the numtransposition bursts, random transposition bursts, hybers of generations, repetitions, and initial conditions brid dysgenesis, threshold self-regulation, and continutested lead to several days of calculations for each simuous self-regulation. If the bursts occur at random, each lation set. individual has a probability of 0.1 to be in burst conditions, regardless of its genome. In the case of hybrid dysgenesis, transposition burst is activated when (i) the female parent RESULTS has no TE and (ii) the male gamete contains at least one copy. The last two self-regulation models are based on a Transposition in a finite population: To determine deterministic setting of the transposition rate following the loss frequency of a TE copy after an HT, 1000 poputhe TE copy number of the individuals (see Figure 2 ). In lations of N ϭ 50 individuals were initialized with one the threshold self-regulation model, the burst occurs when element randomly inserted in the genome of one indithe copy number n exceeds a constant k t , while in the vidual. After 1000 generations, the number of repeticontinuous self-regulation model, there is no real burst tions in which the element has been lost is computed. state, and the transposition rate of each element decreases
The loss frequency of a single TE copy for a large panel with the genomic copy number [more precisely, u ϭ (u b Ϫ of transposition rates is summarized in Figure 1 . When u 0 ) · 2 Ϫ(nϪ1)/(kcϪ1) ϩ u 0 , where u b is the maximum transposithe selective coefficient is 0, the higher the transposition rate is, the lower the loss frequency is. The situation tion rate, reached in genomes having a single copy; u 0 is the the minimum transposition rate, corresponding to an where the transposition rate is very low corresponds to infinite number of copies; and k c is the number of TE simple genetic drift and the probability of an element copies for which the transposition rate is (u b Ϫ u 0 )/2].
being fixed tends to be ‫2/1ف‬N. With high transposition Simulations: Simulations were initialized with only one rates (above three transpositions per copy per generacopy randomly disposed in the genome of one adult tion), the loss frequency achieves a threshold corre-(reproductive) individual. A repetition consists of letsponding mainly to the probability of the first individual carrying the element not transmitting it to its offspring. ting the system evolve generation after generation until Consequently, an optimal transposition rate seems to exist for this element; the transposition rate must be high enough to let a heterozygous individual transmit the element to most of its descendants, but not too high that it would cause sterility in its host.
This striking result can be illustrated by an analysis of a population evolution during the very first generations of the invasion (Figure 3) . If the transposition rate is low (u ϭ 10 Ϫ4 , Figure 3 , a and b), a successful invasion is rare and, when it happens, the TE frequency evolves mainly through genetic drift, while the copy number per individual increases very slowly. When the transposition rate is near the optimum (u ϭ 1, Figure 3 , c and d), transposition leads to an increase in the copy number per individual and to an increase in TE frequency in the population. When the transposition rate is very high (u ϭ 10, Figure 3e ), some individuals quickly acquire several dozen elements, but are sterile because of the selection against TEs. They do not reproduce, and the TE disappears.
The "optimal" transposition rate remains very high compared to known transposition rates. Moreover, a TE with such a multiplication capacity will colonize a genome very efficiently, but, after a few generations, the copy number in each individual will be so high that the mean fitness of the population will drop to 0, and no more individuals will reproduce: the population, and then the TE, will be lost. Therefore, two main hypotheses can be proposed:
i. The transposition rate of a given family is low and roughly constant, so the colonization of new species is practically fortuitous-horizontal transfers of TEs are a frequent phenomenon and few of them are successful. ii. The transposition rate of a TE can vary by several orders of magnitude during the colonization process; it may be high during the first generations following the HT and then decrease until it reaches an equilibrium (or pseudo-equilibrium) value, corresponding to the known measured transposition rates. In this hypothesis, we have to imagine the various processes implied in such "transposition bursts." 
have been arbitrarily fixed, respectively, to 10 Ϫ4 and five events per copy per generation. Figure 4a presents the evolution of the mean TE copy number in populations When the TE copies are deleterious, the loss frewhere the invasion was successful. If the element is unquency is higher than that in the nonselection situation:
able to transpose more than its basal transposition rate, the invasion ability of an element whose insertions are the copy number increases very slightly and is lost most deleterious is less effective whatever its transposition of the time because of genetic drift [invasion frequency rate. Moreover, the successful invasion frequency be-(IF) is 0.67%]. When the transposition bursts are rancomes very weak for very high transposition rates (more dom and occur in 10% of individuals (IF ϭ 27.1%), the copy number increase is regular and more rapid; but than five transposition events per copy per generation). Over 1000 simulations, no invasion was reported for u ϭ 10. For the two other transposition rates, the percentage of TE loss among 1000 repetitions is indicated on the central diagrams. Each small colored rectangle represents a single individual, and the color of the rectangle corresponds to its TE copy number (see the color scale on the bottom). For each of the 20 generations, the 50 individuals of the population are plotted in an arbitrary order. When the transposition rate is low (a and b), the element frequency evolves mainly through genetic drift, and the TE is lost in most cases. With intermediate transposition rates (u ϭ 1), the probability of invasion increases; the element can still be lost by genetic drift during the very first generations (c), but the copy number increase due to the high transposition rate leads to a quick diffusion of the TE in all individuals (d). In the last situation (u ϭ 10), the TE copy number in the few individuals carrying them is so high (Ͼ100) that they are sterile (denoted by *), and the element is not transmitted to the next generation. the stabilization of the copy number is slow and is only and the random-burst model, transposition rates remain constant. In the latter case, the transposition rate due to natural selection against TE accumulation. The last three models (hybrid dysgenesis IF ϭ 29.1%, threshobserved is the mean between a large number of individuals in which transposition is inactive and a few old self-regulation IF ϭ 46.4% and continuous self-regulation IF ϭ 51.8%) give very similar patterns compared individuals with high-transposition activity. For the other three models, initial transposition rate is high and to the previous cases, with a sharp initial increase in the mean copy number followed by a stabilization around then decreases. After 20 or 30 generations following the introduction of 1 copy in an empty population, the 10 copies per individual. We can note that the betweenrepetitions variance is higher in the random-burst mean transposition rate falls to usually measured rates (Ͻ10 Ϫ2 ); see Figure 4b . The dynamics of the system in model, where, after 100 generations, mean copy number per individual can vary between 12.8 and 47.3. The the hybrid dysgenesis model are slower than those in the self-regulation models. This can be because transpo-TE invasion dynamics are more predictable in the other models (Figure 4a) . sition bursts concern all individuals in the self-regulation models, but only half of them in hybrid dysgenesis Figure 4b indicates the changes in mean transposition rates observed in populations. With the no-burst model (since only 50% of the crosses can be dysgenic). 
Loss frequency and invasion capacity:
To analyze the ‫)%08ف(‬ even under optimum conditions; on the other hand, the two self-regulation models ( Figure 5 , c and interactions between the burst transposition rate and the basal transposition rate, some simulations have been d) give the higher invasion rate. Hybrid dysgenesis (Figure 5b) shows intermediate results. completed for all previously described models. The monitored criterion is the maintenance frequency, which corresponds to the frequency of repetitions where DISCUSSION the element is still present after 1000 generations. This excludes (i) the populations in which the TEs have been With this model, we attempted to highlight the early dynamics of a TE that was introduced into a new sexual, lost through genetic drift and (ii) the situations where the TE copy number increased until the population diploid species and to provide qualitative information about successful parasitic DNA invasion frequencies. It became extinct.
When there are no transposition bursts, the mainteis unusual to consider that most HTs lead to the loss of the element, since genomes contain only successful nance frequency is close to 0 for all transposition rates (results not shown): low-transposition-rate elements are "winning" ones. Today, almost all the literature on theoretical TE dynamics and evolution is based on TEs that lost through genetic drift, and very active elements can amplify themselves without control and lead to populaare already established in the populations. In this work, the first step of the evolution of a newly transferred TE tion extinction. The results presented in Figure 5 show very similar profiles for the other models. The conditions is developed. Our results suggest that this early invasion can represent a challenge for the TE, which has to derequired for the TE maintenance are a low basal transposition rate (u 0 Ͻ 10 Ϫ2 ) and an optimal burst transposition velop specific abilities, such as a very high initial transposition rate in its new genomic environment. Further rate (0.5 Ͻ u b Ͻ 5), corresponding roughly to the optimal transposition rate illustrated in Figure 1 . Nevertheless, a investigations in this domain might bring forth important information about the differences among TE family variation in the invasion efficiency between those models can be detected. With a random-burst model ( Figure  contents in the genomes of living organisms.
Using such a general model to describe a specific 5a), the frequency of TE loss by genetic drift is still high system like TE-host interactions implies some simplilonger be lost through drift, the dynamics become more predictable (i.e., invasion cannot be stopped). fications. The confrontation between the modeling choices and the available data can provide interesting
The term "horizontal transfer" is used here as a generic way to refer to the initial introduction of a TE in information about the solidity/robustness of the results shown above. However, observations and data mainly a species devoid of it. This includes "true" horizontal transfers, mediated by a vector, or the de novo appearconcern the genus Drosophila, and extrapolation to other groups of organisms can be speculative (Kidwell ance of an autonomous intragenomic self-replicator, since it must have the same consequences for the new and Evgen'ev 1999; Eickbush and Furano 2002) .
Transposable elements: The generic term "transposhost species. TEs, like other genes, can also pass from one species to another one by introgression, provided able elements" usually refers to different self-replicable DNA sequences. These sequences are generally split fertile hybrids are present. However, these hybrids often show genomic deregulation symptoms and transposiinto two groups: class I elements, which transpose via a RNA intermediate by a "copy and paste" mechanism; tion bursts (Labrador et al. 1999) . Therefore, the invasion of the new species must start under more complex and class II elements, whose movements are due to a "cut and paste" process and thus transpose via a DNA conditions than one copy in one individual. A similar situation is encountered with intraspecific migrations, molecule (see Craig et al. 2002 for review) . Despite the fundamental structural and mechanistic differences for which the migrant individual can bear several TEs, which is not the case with horizontal transfer. Moreover, between these two classes, a transposable element can be considered as a genetic entity with a duplication (u) it can bring both TEs and regulator genes, which can disturb the invasion dynamics (Quesneville and Anxoand a deletion (v) ability. This modeling option is generally used in theoretical dynamics studies (Charlesworth labéhère 1998). In addition, contrary to HTs, migrations are frequent events; even if an element is unable and Charlesworth 1983; Langley et al. 1983) , partly because class I and class II TEs do not seem to show to actively invade a new population, it will certainly colonize it randomly due to recurrent arrivals of individobvious dynamic specificities (Hua- Van et al. 2005) . Here, v has been set to 0, because deletion rates are usually uals with TEs. Selection: It is widely accepted that TEs have a neganegligible compared to duplication rates-at least one order of magnitude below them (Eggleston et al. 1988;  tive impact on genomes. However, the exact mechanisms implied by this decrease in fitness are not yet Suh et al. 1995) .
Moreover, in both classes, several nonautonomous perfectly known (Nuzhdin 1999) . Here, we use a simple additive model, which can be considered as an example elements exist, as short interspersed elements (Weiner 2002) or miniature inverted-repeat transposable elements of the insertion selection model (Charlesworth and Charlesworth 1983). This implies that (i) the impact (Feschotte et al. 2002) . In this article, these last elements have not been taken into account, since they are unable of the different insertions along the genome is cumulative and linear (no epistasis), and (ii) there is no domito colonize a genome after a horizontal transfer (they are unable to transpose without any corresponding autononance. This choice appears to be quite arbitrary, since the additivity of selective effects of TEs is far from being mous element in the same genome). Thus, the transposition rate u corresponds here to the probability of an demonstrated. However, when the copy number n is low, as is the case after a HT, the additive fitness function autonomous element duplicating into two autonomous elements. The emergence of such TE "parasites" in a ( ϭ 1 ϩ ns), the "independent" fitness function ( ϭ (1 ϩ s) n ), or a "log concave" function ( ϭ 1 ϩ sn t ; cf. population where autonomous elements are already established is another problem and has been treated in Charlesworth and Charlesworth, 1983) does not show striking differences, and the initial dynamics of some previous studies (Brookfield 1996; Quesneville and Anxolabéhère 2001).
TEs might be very similar in each case. Concerning dominance, it is known that random deleterious mutaDemography: To limit the computer simulation time, population sizes have been reduced to 50 individuals. tions are generally recessive, but some evidence tends toward the idea that it may not be the case for transposThese sizes are clearly underestimated, compared to known population sizes in Drosophila species (generally able elements in Drosophila (Fry and Nuzhdin 2003) . The amount of fitness decrease due to the presence of ‫01ف‬
6
; Li et al. 1999; Vieira and Hoikkala 2001) or even in mammals (10 4 in hominoids, for example; Yang each copy has been fixed at 1%. This value corresponds to the order of magnitude of mean deleterious effects 2002). However, when the transposition rate is relatively high (corresponding to burst transposition rates), the estimations of spontaneous mutations in Drosophila (Keightley 1994; Charlesworth et al. 2004 ) and also influence of population size decreases. Random genetic drift is important in the very first generations, until to the order of magnitude of the insertion effect for P (1%; Eanes et al. 1988) or copia (0.76%; Houle and several individuals carry some copies. According to the burst model, generally Ͻ10 individuals with TEs are Nuzhdin 2004) elements. However, this value must be considered carefully. On one hand, other studies sugnecessary to decrease the loss probability Ͻ5%, whatever the population size. Then, when the elements can no gest a much higher value (5.5% in heterozygous and 12.2% in homozygous; Mackay et al. 1992) or much be a more general phenomenon than was previously thought since it can be observed after an artificial translower mean deleterious effect of TEs ‫2ف(‬ ϫ 10 Ϫ4 per copy; Charlesworth 1996). On the other hand, fixing fer of P element into D. simulans (Montchamp-Moreau 1990) and might concern more than one TE family a constant deleterious effect for each element is certainly a simplification. Some TE insertions might be in some cases (Petrov et al. 1995) . Moreover, hybrid dysgenesis can be observed only during the period lethal, and others almost neutral. In any case, we have to keep in mind that, with an additive deleterious effect where some populations have the element when others do not (this period lasted only 40 years for the P element of 1% per copy, the maximum number of TEs from all families that are potentially supported by an individual is in D. melanogaster). This period is extremely short and thus reduces the probability of observing this phenome-100, which is very low compared to known copy numbers (Deininger and Roy-Engel 2002) . This suggests that, non in a less-intensively studied species. Both continuous and threshold regulation have been even if the mean selective effect of a TE is negative, copies persisting in a genome are the least deleterious described here as self-regulation models. This means that the transposition rate decrease is considered to be ones, and some of them can even appear to be beneficial for the host (Maside et al. 2002 ; Schlenke and Begun due to an intrinsic feature of the element. However, it is known that the host is also able to repress transposi-2004).
Transposition bursts: Transposition rates in natural tion by various systems, such as gene silencing ( Jensen et al. 2002) or RNAi (Plasterk 2002) . Nevertheless, the and laboratory Drosophila populations are relatively low, ‫01ف‬
Ϫ4 transposition events per copy per generation results presented above are not expected to be affected by the precise regulation machinery, since regulation (Charlesworth et al. 1992; Suh et al. 1995; Nuzhdin and Mackay 1995; Maside et al. 2000) , and they do not has been implemented simply as the transposition rate variation following the genomic copy number. Conseseem to be very different for class I and class II elements. Deletion rates are often several orders of magnitude bequently, several regulation systems could fit the regulation functions, and self-regulation refers to a copylow them and are nearly undetectable. However, higher mobilization rates have been obtained under certain connumber-dependent regulation rather than to a precise molecular mechanism. ditions: environmental stress, genomic stress, or hybrid dysgenesis, for example. The transposition rates thus mea-
The continuous self-regulation model is the one generally used when self-regulation is modeled (Charlessured can reach averages ‫01ف‬ Ϫ2 for P elements under dysgenesis conditions (Eggleston et al. 1988; Biémont worth and Charlesworth 1983) . Despite some contradictory evidence (Nuzhdin et al. 1996; Vieira and 1994) , and individual measurements of very active I elements can increase Ͼ10 Ϫ1 (Seleme et al. 1999; VasiBiémont 1997) , the control of the transposition activity when the copy number increases appears to be a widelyeva et al. 1999).
With the random-burst model, described, for instance, spread phenomenon (Labrador and Corces 1997) . The putative molecular mechanisms may imply producin Nuzhdin (1999) , TEs never transpose, except in a few genetically disposed individuals, as suggested by obtion of repressors, as for the well-documented P element (Lemaitre et al. 1993) , or overproduction inhibition servations such as those of Gerasimova et al. (1984) . This represents an attractive model that accounts for for the mariner element (Lohe and Hartl 1996) . Threshold self-regulation is a less widely considered the transposition rate variation between laboratory lines (Nuzhdin 1999) al. 2003) . However, it is not sufficient to explain the invasion after an HT: the proportion of "transpositionby various mechanisms (cosuppression, methylation, repeat-induced point mutations, etc.). However, the limit ally active" individuals in a population in which the mean transposition rate is 10 Ϫ4 (provided u 0 ϭ 0 and between continuous and threshold self-regulation remains quite imprecise, experimentally but also theoretiu b ϭ 1) is 1/10,000. This is too low to account for any effective invasion, since we obtained some fairly weak cally, since these two models give similar theoretical dynamic patterns. invasion probabilities (Ͻ30%) with burst frequencies as much as 1/10. Moreover, it supposes a constant mean These results lead to the supposition that most TEs (at least those that can "jump" between species) must transposition rate (cf. Figure 4b ), when transposition rates are supposed to vary with the genomic environexhibit burst abilities. The selective pressure on TEs during the first steps of the invasion concerns their ment and notably with the TE copy number (Nuzhdin et al. 1996; Pasyukova et al. 1998) .
burst capacity, but several burst mechanisms should be equally used, since the different burst "strategies" do Hybrid dysgenesis is certainly the most well-documented burst system (Bregliano and Kidwell 1983;  not show striking efficiency differences, except for the random-burst model, which appears to be less effective. by clade selection.
